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The In segregation and its suppression in InGaAs/AlGaAs quantum well are investigated by using high-resolution
x-ray diffraction (XRD) and photoluminescence (PL), combined with the state-of-the-art aberration corrected scanning
transmission electron microscopy (Cs-STEM) techniques. To facility our study, we grow two multiple quantum wells
(MQWs) samples, which are almost identical except that in sample B a thin GaAs layer is inserted in each of the InGaAs
well and AlGaAs barrier layer comparing to pristine InGaAs/AlGaAs MQWs (sample A). Our study indeed shows the
direct evidences that In segregation occurs in the InGaAs/AlGaAs interface, and the effect of the GaAs insertion layer on
suppressing the segregation of In atoms is also demonstrated on the atomic-scale. Therefore, the atomic-scale insights are
provided to understand the segregation behavior of In atoms and to unravel the underlying mechanism of the effect of GaAs
insertion layer on the improvement of crystallinity, interface roughness, and further an enhanced optical performance of
InGaAs/AlGaAs QWs.
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1. Introduction

InGaAs/AlGaAs strained quantum wells (QWs) are
widely used in semiconductor quantum well laser devices for
the emission wavelength range from around 830 nm to about
1100 nm.!"=3 Obviously, it is important to grow the QWs with
high quality so that a better device performance, such as inter-
nal quantum efficiency and reliability, can be obtained. High
quality InGaAs/(Al)GaAs QWs with an abrupt elemental dis-
tribution of In atoms at the interface of the well-barrier lay-
ers, as well as perfect crystal quality, are usually grown by
well-developed MBE and MOCVD systems.*8! The prefer-
ential segregation of In atoms at the well-barrier interface has
been found to increase the interface flocculation and to trans-
form the growth mode from the two-dimensional to three-

9-121 Thus, it is highly desirable to sup-

dimensional mode.!
press the segregation of In atom in InGaAs/AlGaAs QWs.

To prevent the segregation of In elements at the well—
barrier interface of InGaAs/AlGaAs QWs, a number of ap-
proaches have been developed. One way was to precisely con-
trol on the growth temperature of epitaxial layers owning to the
fact that appropriate growth temperature for InGaAs and Al-
GaA:s is different.['3] A relatively higher temperature may be

needed to remove the impurity and promote the high migra-
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tion ability of Al atoms.['*] Whereas, the segregation length
of In atom will be increased when the growth temperature ex-
ceeds 600 °C in the MOCVD growth process.[®! An alternative
approach was to insert a thin layer between the well-barrier
interface to prevent the atomic segregation without adjusting
It was reported that a thin GaAs

layer was chosen as the ideal candidate to improve the inter-
[7,15-17]

the growth temperature.

face roughness and enhance the device performance.
For instance, Wen et al. reported the intercalation of GaAs
layer into the InGaAs/GaAsP strained QWs with achieved im-
proved abruptness at the interfaces.!'>! Very recently, Zhang
et al. studied the effect of GaAs insertion layer on the optical
properties of InGaAs/AlGaAs QWs by optimizing the thick-
ness of GaAs. 181 Whereas, since the atomic-resolution of the
interfacial structure is challenging to observe, especially the
biasing behavior of In elements at the well-barrier interface,
the atomistic effect of GaAs insertion layer on improving the
interface structure quality is still limited.

2. Design

Aiming at underlying the mechanism of effect of GaAs
insertion layer on improving the interface quality and optical
performance, study of the segregation behavior of In at the
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well-barrier interface is essential. In this regard, the state-
of-the-art aberration-corrected scanning transmission electron
microscopy (Cs-STEM) is employed to obtain better insights
into the interface structure in the atomic scale. In this study,
two MQWs samples were grown on (001) oriented n-type
GaAs substrates by MOCVD method in an Aixtron 2800 G4-
TM (C2) system at the temperature of 650 °C (see details
in supplementary materials method). The structures (Fig. 1)
show that a thin GaAs layer is inserted in the interface of the
InGaAs/AlGaAs MQWs. The direct observation of the inho-
mogeneous distribution of In atoms within the well and barrier
layers in InGaAs/AlGaAs QWs are achieved. In addition, it
clearly demonstrated that the segregation of In atoms is mainly
suppressed within the thin inserted GaAs layer. Therefore, the
GaAs insertion layer is mainly responsible for the improve-
ment of the crystal quality, interface roughness, and optical
performance.

Ay
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Fig. 1. Schematic illustration of the epitaxial layers of InGaAs/AlGaAs
MQWs (sample A) and InGaAs/GaAs/AlGaAs MQWs (sample B).

3. Results and discussion

As can be seen in Fig. 2(a), in the symmet-
ric (004) HRXRD ®-26 scan curve of sample B (In-
GaAs/GaAs/AlGaAs MQWs), the presence of tertiary satel-
lite peaks is clearly observed, while for sample A (In-
GaAs/AlGaAs MQWs) only the secondary satellite peaks can
be seen at most. In addition, the satellite peak of sample B
displays higher peak intensities, narrower full widths at half
maximum (FWHM) than that of the sample A. By compar-
ing the satellite peaks of the two structures, the curve of sam-
ple B shows the fringe peaks with obvious boundaries and
high intensities, indicating that the presence of GaAs inter-
calation layer significantly improves the crystal quality of In-
GaAs/AlGaAs MQWSs.[1921l Meanwhile, the thickness and
concentration of In (Al) elements in the epitaxial layers in
these two samples are analyzed, and the data was shown in Ta-
ble S1. It is found that the In content in the InGaAs well layers
of sample B is higher than that of the sample A. In contrast,
the segregation of In atoms in sample A seems severe, which
leads to a lower In content in each InGaAs layers. It also shows
that the thickness of the epitaxial layers in sample B is more
uniform after the insertion of GaAs layer compared to that of
sample A, and for epitaxial wafers, the uniform thickness rep-
resents a better crystal quality, which is beneficial to obtain a
more stable luminescence. The thickness of GaAs insertion
layer is simulated to be approximately 0.45 nm. Moreover, the
distance between the Oth-peak and the substrate peak of both
samples were also derived as 3.8379 arcsec and 2.4623 arcsec.
Considering that the lattice strain increases along with the in-
troduction of In content, this distance should become larger in
sample B owing to a larger In content in the well layer. How-
ever, the presence of GaAs insertion layer seems to smooth
the interface and compensates the lattice strain in some extent,
leading to the a closer distance between the Oth-peaks peak
and the substrate peak in sample B.

To examine the interface quality of these two samples,
the FWHM plot as a function of peak order is also shown in
Fig. 2(b). The FWHM of the nth satellite peak can be ex-

pressed by the following formula:??!
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Fig. 2. (a) and (b) The w-26 scans measured around the (004) symmetric HRXRD patterns.
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0, = 0y + (In2)"/2 - nAB,, - 0/ A, (1)

where n is the order of the satellite peak, @, is the FWHM
of the nth order satellite peak, @y is the zeroth order satellite
peak, A6, is the angle spacing between the adjacent satellite
peaks, and o /Ay is the interface roughness of QWs and bar-
riers. The dependence of the FWHM of satellite peaks on the
satellite orders shows a linear relationship. It is obvious that
the slope of fitting curve of sample B is lower than that of
sample A, which demonstrates that the interface fluctuation
and roughness of sample B is reduced. The compressive strain
brought by In surface segregation might be one of the reasons
to a shift toward a lower diffraction angle of satellite peaks.>]
The result indicates that the GaAs insertion layer significantly
decreases the In segregation to form a smooth and uniform in-

terface, and ensures the crystal quality of MQWs.[?4]
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Fig. 3. (a) Photoluminescence spectra of InGaAs/AlGaAs MQWs and
InGaAs/GaAs/AlGaAs MQWs at 300 K. The inset shows the multi-
peaks Gaussian fitting of the PL spectra of InGaAs/GaAs/AlGaAs
MQW. (b) The corresponding band diagram of InGaAs/GaAs/AlGaAs
QwW.

Figure 3(a) shows the photoluminescence (PL) spectra of
the two MQWs samples with identical pumping laser power
at 532 nm measured at 300 K. For the sample A, the emis-
sion peak locates at around 915 nm, accompanied with a small
peak at around 871 nm which can be indexed to the peak of
GaAs substrate.>] As expected, the emission peak red shifts
to 927 nm after the insertion of GaAs insertion layer in sample
B. It is well known that the band gap of InGaAs is related to

the In composition in the well layer. Based on the above XRD
analysis, it is clear In content in the QW layer of sample B
is relatively larger than that in sample A. Thus, the larger In
fraction in InGaAs QW leads to a smaller band gap in sample
B, corresponding to the red-shift of PL peak position. More-
over, the FWHM of PL spectra is reduced from 24.1 nm to
20.0 nm, which is in consist with the improved crystal quality
and interface roughness by the suppression of In ingredients
within the well layers.[?6-28) In addition, the asymmetry of PL
peak as discussed in Fig. S2 is due to the radiation recombi-
nation of the ground state electron-light hole band in InGaAs
strained MQWs.[!8] Whereas, the thermal escape of carriers is
likely to take place from the InGaAs QWs due to the lower
GaAs potential barrier than that of AlGaAs, which could re-
duce the probability of radiation recombination in QWs and
lead to the decreased PL intensity, as illustrated in the energy
band diagram in Fig. 3(b).[? It is supposed that the suppres-
sion of In segregation by the GaAs insertion layer plays a more
significant role in the effect of the optical properties of the In-
GaAs/AlGaAs MQWs structure. Thus, the non-radiative re-
combination is largely suppressed and the integral strength of
PL for InGaAs/GaAs/AlGaAs MQWs is still increased com-
pared with InGaAs/AlGaAs MQWs as a result.[13-30]

After understanding the improved optical performance by
the GaAs insertion layer in the InGaAs/AlGaAs MQWs, one
would curious to know how can such a thin layer of GaAs
prevent the segregation of In atoms at the well-barrier inter-
For this purpose, the state-of-the-art Cs-STEM tech-
niques were utilized. At the beginning, the cross-sectional low
magnification STEM images, combined with the STEM-EDS
elemental mapping were recorded to examine the distribution

face.

of In atoms within the QWs, as shown in Fig. S2. It is clear In
atoms distribute not uniform within the well layer and they dif-
fuse to the barrier layers in a large amount in many regions in
sample A. However, for sample B, the In atoms locate mainly
within the well layers and distribute relatively homogenous
comparing to that of sample A. These results are in consistent
with the data derived from XRD that the calculated In content
in three well layers are relatively higher in sample B than that
of in sample A. Moreover, to obtain a deeper insight into the
influence of the interfacial structure on crystal quality and op-
tical properties, as well as to visualize the relationship between
interfacial structure and In segregation behavior, atomic-scale
and more detailed characterization of these two samples were
performed. It is well known that in the STEM image mode, the
ABF image is able to resolve the light and heavy elements si-
multaneously, compared to the Z-sensitive HAADF image that
only heavy atoms are clearly resolved.3'-3¢! Comparatively,
as shown in Fig. 4 that the interface structure is much im-
proved via the intercalation of the thin GaAs layer. In detail, it
shows a brighter intensity in the regions marked by the dotted
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line in the colored HAADF image Fig. 4(b), indicating that In
segregation occurs not only in the well layers, but is extended
into the barrier layers. Such kind of segregation is frequently
seen as showed in the low magnification image in ABF-STEM
image in Fig. 4(a), where the “dumbbell” shape of Ga(In)/As
columns becomes blurred in the dark regions marked by the
red dotted circle.

Moreover, the intensity profiles are recorded for a clear
demonstration of In distribution along one representative
atomic layer as showed in the red and blue box in Figs. 4(b)
and 4(d), respectively.
ily indexed considering the Z-sensitive dumbbell intensity
of Ga(In)/As, Ga/As, and Ga(Al)/As marked by the colored
boxes filled in the intensity profiles. For sample A in Fig. 4(e),
the dumbbell of Ga(In, Al)/As columns are fluctuated that
many minor peaks exist around the main peaks. These results

The different layers can be eas-

demonstrate that the nonuniform distribution of In atoms oc-
curs within the InGaAs well layer, and In atoms diffuse from
its initial atomic position thus the profile becomes broader for
some atomic layers pointed by white arrow in the dotted rect-
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angle region. After the intercalation of GaAs insertion layer,
the intensity profiles become relatively sharper and smoother
in the sample B in Fig. 4(f). In addition, it shows an abrupt
transition at the InGaAs/GaAs interface from a higher inten-
sity of Ga(In) column (pointed by white arrow) than As col-
umn to an almost even intensity, suggesting that the In segre-
gation is mainly suppressed by the intercalation of GaAs in-
sertion layer. But there is still a minority of In atoms diffuse
into the GaAs insertion layer that the intensity profile of first
insertion layer (GaAs-I) is slightly broader than the third layer
(GaAs-III). Therefore, the calculated thickness of the GaAs in-
sertion layer (approximately 0.57 nm) is slightly broader than
the initially design owing to the small amount of In diffusion.
After that, the structure—property relationship becomes clear in
the atomic scale, indicating that the GaAs insertion layer plays
a dominant role in suppressing the segregation of In atoms as
showed in the above STEM characterization results, and sub-
sequently inhibiting the formation of InAlGaAs quaternary al-
loy at the well-barrier interface.
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Fig. 4. Atomic-scale ABF- and HAADF-STEM images of (a), (b) InGaAs/AlGaAs MQWs and (c), (d) InGaAs/GaAs/AlGaAs MQWs along
[011] projection; (e), (f) the corresponding line intensity profiles along the red and blue boxes in (b), (d) respectively. The arrow in the right

side indicates the grow direction of [100].

4. Conclusion and perspectives

In summary, it is essential to reveal the segregation be-
havior of In atoms in InGaAs/AlGaAs QWs and subsequently

improve the interface structure and optical performance by the
suppressing the segregation of In atoms within QWs. In this
regard, a thin GaAs layer has been inserted to InGaAs/AlGaAs
QWs by the MOCVD method. The HRXRD data, com-
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bined with the EDS mapping and the atomic-scale resolved
ABF- and HAADF-STEM images, have provided the direct
and substantial evidences for the segregation behavior of In
atoms at the InGaAs/AlGaAs QWs interface, and the effect
of the GaAs insertion layer on the suppression of In segrega-
tion in the atomic scale. As expected, the improved interface
roughness and crystal quality are achieved after the insertion
of GaAs layer in InGaAs/AlGaAs QWs, leading to the en-
hanced optical performance. Such kind of atomic-scale inves-
tigations on the interface structure of MQWs could, in prin-
ciple, be generalized to uncover the underlying mechanism
of structure-property issues in the III-V group semiconductor
epitaxy films.
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